A quantitative model is provided of how current flow occurs in the media of blood vessels upon the release of transmitter from autonomic varicosities onto ionotropic receptors located on smooth muscle cells at the adventitial surface of the vessel. In particular, the extent to which potential generated in cells at the adventitial surface (AS) conducts through to cells at the intimal surface (IS) is investigated. Experimental tests of the model have been made for the case of the rat tail artery. The model of the media is an extension of the discrete bidomain syncytium to the case where the smooth muscle syncytium is bounded on two sides by a volume conductor, as is the case with the media of blood vessels. The amplitudes and temporal characteristics of excitatory junction potentials (EJPs), recorded throughout this syncytium following the release of ATP from varicosities located on one side of the syncytium, are predicted by the theory. Current injection into a single cell at the AS will not give rise to a detectable membrane potential at the IS; however, simultaneous injection of current into all the cells at the AS can give rise to a membrane potential at the IS that has an amplitude of about 50% of that at the AS, in agreement with experimental findings. In addition, the effects of perturbing the electrical couplings between cells in the syncytium on the EJPs recorded at different sites in the syncytium are also predicted. This work shows that the discrete bidomain model of the syncytium gives a quantitative description of the current and potential fields that occur throughout the smooth muscle of the media of blood vessels following the release of transmitter from varicosities at the adventitial surface of the vessels. The theory can be applied to the media of blood vessels of any size to determine the relative effectiveness of sympathetic nerves in controlling the excitability of smooth muscle cells through the media. r
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Introduction
The innervation of smooth muscle in blood vessels is confined to the adventitial surface (AS), except in the case of vessels with relatively large media, in which nerves may penetrate for variable distances from the AS [ Fig. 1(A) ; Bennett & Gardiner, 1996] . The question arises as to the extent to which smooth muscle cells at the intimal surface (IS) of the media of such vessels is depolarized by the release of transmitter from sympathetic varicosities onto ionotropic receptors at the AS. The concept that synaptic currents, generated upon the release of n transmitter from autonomic terminal varicosities, flow in an electrical syncytium of coupled smooth muscle cells was developed in the late 1960s (Bennett, 1967; Bennett & Burnstock, 1968) . Recognition soon followed that such current flow could provide a mechanism by which the effects of transmitters acting on ionotropic receptors at the AS of blood vessels could penetrate to the IS of the vessels (Bennett, 1972) . However, there have been few studies of this possibility in the intervening 30 years and no quantitative tests of the application of this model of autonomic neuromuscular transmission to the media of blood vessels. The present work provides such a quantitative description. In order to have a theoretical understanding of the spread of current and potential in smooth muscle, due to the release of transmitter from nerve terminal varicosities, it is necessary to use a bidomain description (Roth, 1992; Bennett et al., 1993 Bennett et al., , 2001 Henriquez, 1993; Henery et al., 1997) . A bidomain is a multi-dimensional cable model with both intracellular and extracellular spaces or domains that reduces to the usual cable model in one dimension (Eisenberg et al., 1979; Muler & Markin, 1977; Peskoff, 1979) . A discrete bidomain model of the smooth muscle syncytium has recently been developed that describes the current and potential fields generated at the surface of a muscle apposing a volume conductor following the release of transmitter from sympathetic varicosities (Bennett et al., 2001) . This model gave a quantitative account of the amplitude-frequency distribution of spontaneous excitatory junction potentials (SEJPs) recorded in a smooth muscle with an intracellular electrode (Burnstock & Holman, 1961) as well as of the amplitude and temporal characteristics of the fast excitatory junctional currents (EJCs) recorded with an extracellular electrode (Å strand & Stjarne, 1989) .
The present work presents a further application of the discrete bidomain model to describing the spread of current and potential in smooth muscle during transmission. The model is extended to the case in which a smooth muscle is apposed by a volume conductor on two surfaces and possesses junctional varicosities confined to releasing transmitter on only one face, thus making it applicable to blood vessels. Good agreement is obtained between the theoretical and experimental results on the rat tail artery, indicating the extent to which transmitter release from varicosities in blood vessels controls the potential throughout the media of the vessels (Burnstock, 1970 Early work (Bennett, 1972 (Bennett, , 1973 Purves, 1976) modelled the smooth muscle bundle as a three-dimensional rectangular grid, with each node being a lumped representation of a muscle cell and the line joining these nodes representing the intracellular resistance (including the resistance of the gap junctions joining the cells). Later, this was extended to include the interstitial medium by introducing a second grid system, representing the region between the cells; these two grids were connected at every corresponding node by an RC circuit representing the membrane of a smooth muscle cell (Roth, 1992; Bennett et al., 1993) . A further extension of this work involved applying the correct boundary conditions at the muscle-fluid interface and also using a distributed representation for some of the muscle cells (Bennett et al., 2001) . There is also a continuous version of the bidomain model, which dispenses with individual cells and treats the muscle tissue as two coupled continuous domains, one for the intracellular space and the other for the interstitial space. (For a review, see Henriquez, 1993.) In the present work, the discrete approach will be adopted, following the work of Bennett et al. (2001) . The main differences with that work are that now boundary conditions need to be applied at two muscle-fluid interfaces to take account of the finite thickness of the arterial wall and it is not necessary to use a distributed representation for each cell, since the relevant experimental measurements are made using intracellular electrodes rather than loose-patch surface electrodes. The smooth muscle tissue is assumed to be made up of a regular R. HENERY ET AL. 532 three-dimensional array of parallel cylindrical cells of length c and diameter d [ Fig. 1(A) ]. Three-dimensional cartesian coordinates x; y; z are introduced such that the muscle tissue occupies the region 0pzph and the longitudinal axis of each cell is parallel to the y-axis. The surface z ¼ 0 will be denoted by S 1 and the surface z ¼ h by S 2 : The cells are connected by gap junction couplings and these are assumed to join cells longitudinally at the ends and also transversely. Bennett et al. (2001) give equations for the intracellular resistance R i ; the interstitial resistance R e and the extracellular resistance R o in terms of the longitudinal Fig. 1 . Diagrams showing the relation between sympathetic varicosities and smooth muscle cells in the media of arteries. (A) Shows that varicosities are mostly found at the adventitial surface around the entire circumference of a large artery (e.g. the rat tail artery) that possesses a media of thickness about ten smooth muscle cell diameters; however, sites can be found around the circumference at which nerves penetrate the media so that varicosities can be found to a depth of about three smooth muscle cell diameters from the adventitial surface. The labels are: v, varicosity; M, media; E, elastic lamina; e, endothelial cells. (B) Shows the method of recording with intracellular electrodes from the adventitial and intimal surface smooth muscle cells during stimulation of the sympathetic nerves. (C) Shows the two grids representing the smooth muscle syncytium using a lumped representation for each cell. The x-and z-axis are in the transverse plane of the muscle and the yaxis is along the longitudinal axis of the muscle cells. Each filled node represents a point within a single muscle cell, coupled to six other cells as indicated by (F) . Each open node represents a point lying just outside a single smooth muscle cell, coupled to similar points outside six other cells in the same configuration as that for the inside points, each coupling being represented by a broken line. Each of the intracellular nodes is coupled to adjacent interstitial node by the parallel resistance and capacitance of the cell membrane. (Note that only a few nodes and their connections have been drawn.) Theoretically, both grids are infinite in the x-and y-direction; the intracellular grid occupies the region 0ozoh with the planes z ¼ 0 and h being the muscle surfaces; the interstitial grid continues into the regions zo0 and z4h; where it now represents the extracellular medium. (D) Shows the equivalent circuit for the transmembrane connection between an intracellular and an interstitial node. The circuit connects each filled note in (A) to its adjacent open node. R m and C m are the membrane resistance and capacitance, I ijk is the membrane current, V i ijk is the deviation of the intracellular potential from its resting value, V e ijk is the interstitial potential and R i and R e the intracellular and interstitial resistances, respectively. Only the onedimensional case is illustrated; in the three-dimensional case there will be six such resistances at each node and these can take different values in the x-, y-and z-direction.
POTENTIAL FIELDS IN SMOOTH MUSCLE
cytoplasmic resistance R cyto ; the interstitial and extracellular resistivities r e and r o ; the gap junction resistance R gap and the fraction f i of total cross-sectional area in the muscle occupied by intracellular space (see also Henriquez, 1993 
Equations for the Potentials
Let the nodes of the grids shown in Fig. 1 (C) be labelled by the rectangular Cartesian coordinates ði; j; kÞ; where i; j; k take integer values with ÀNoi; j; koN; where k ¼ 0; 1; y; K corresponding to nodes in the muscle tissue and other values of k to the extracellular space. At node ði; j; kÞ; 0pkpK; let V i ijk ðV Þ denote the intracellular potential (or, more precisely, its deviation from resting potential), V e ijk ðV Þ the interstitial potential and I ijk ðAÞ the current flowing across the cell membrane from the intracellular to the interstitial space [ Fig. 1(D) ]. At node ði; j; kÞ; ko0 or k4K; let V o ijk ðV Þ denote the extracellular (i.e. exterior) potential. These potentials then satisfy eqns (7)-(11) of Bennett et al. (2001) . Two different choices will be made for the externally applied currents. First, a current I ext ðtÞ can be injected directly into the intracellular node ð p; q; rÞ: Second, to mimic transmitter release at node ð p; q; rÞ the appropriate choice is
corresponding to a current I int ðtÞ being injected at node ð p; q; rÞ in the intracellular space and equal current being removed at node ð p; q; rÞ in the interstitial space. The form chosen for I int ðtÞ is a double exponential:
where I 0 ; a and b are constants, I 0 being proportional to the peak synaptic current and 1=b and 1=a representing the onset and decay time constants, respectively (see, for example, Wilson & Bower, 1989, Appendix 9C) . This second procedure, involving both injection and removal of current, will for brevity be referred to as quantal current injection. The equations are solved numerically by the method outlined in Bennett et al. (2001) (see also Henery et al., 1997) . Inside the muscle syncytium, the grid spacing is dictated by the cell size; in the extracellular fluid, it can be varied and several spacings were tried but it was found that continuing the same grid spacing as in the interstitial space gave sufficient accuracy. The lattice sizes used for ði; j; kÞ were (45,15,9) in the muscle tissue and (45,15,45) in both extracellular spaces.
Parameter Values
The parameter values used in the calculations are shown in Table 1 .
A current of the form given in eqn (2) The membrane capacitance was chosen to give a time constant t ¼ R m C m of 210 ms: The longitudinal cytoplasmic resistance of a typical smooth muscle cell is about 50 MO and this is also approximately the resistance of a gap junction between cells (Brink, 1998 curved with the cells wrapping circumferentially or, more probably, in a helical fashion (see Section 4.3). For transmitter release at one point only, the neglect of curvature does not introduce any appreciable error. However, in the case of release onto multiple cells, such as that occurs during stimulation of the sympathetic nerves, there could be an effect and this was allowed for by making a gradual reduction in the length of the cells such that a cell at the IS was only some fraction of the length of a cell at the AS and adjusting the resistances accordingly. For typical IS and AS, diameters of 80 and 240 mm; respectively (Sittiracha et al., 1987) , this fraction is one third.
EXPERIMENT
The theoretical results were tested using the smooth muscle of the rat tail artery. Adult male Sprague-Dawley rats (250-350 g) were gradually exposed to CO 2 and killed by cervical dislocation. Tail arteries were dissected and a proximal piece of artery (10-20 mm) was pinned through the distal end to the Sylgard bottom of a 3 ml capacity chamber. The proximal end of individual arteries were partly drawn into a suction electrode filled with physiological salt solution (PSS) for stimulating the sympathetic nerves. The remainder of the artery was cut in such a way as to simultaneously expose an area of IS and the immediately adjacent AS close to the stimulating electrode [ Fig. 1(B) ]. In a few of the experiments, the endothelium was scraped away with the curved back of small dissecting scissors. The PSS was made up of the following (in mM): NaCl 116.7, NaH 2 PO 4 1.7, KCl 4.0, CaCl 2 2.0, MgCl 2 1.2, NaHCO 3 16.3, glucose 7.8 and bubbled with 95% O 2 and 5% CO 2 flowed at 3 ml min À1 through the tissue chamber maintained at 32-351C:
Glass recording microelectrodes filled with 4 M potassium acetate and having resistances of 40-100 MO were used for intracellular recording. Measurements were not made until the membrane potential stabilized for at least 30 s after impalement at a resting membrane potential of at least À50 mV: Recordings of EJPs were made by stimulating the artery via a Grass Stimulator at 20 V (duration 0:08 ms) at frequencies up to 0:3 Hz: The signals were amplified on a Axoclamp 2B (Axon Instruments) and collected on a Macintosh computer via a Maclab/4s (ADInstruments). Values are expressed in terms of their range together with the modal value as many of the distributions of a particular variable were not normal but skewed like a gamma distribution.
Drug Suramin ð100 mM; Sigma Chemicals) was freshly prepared for each experiment. Prazosin hydrochloride ð1 mM; Research Biochemicals International) and nifedipine ð10 mM; Sigma Chemical Co.) were made up from stock solutions. 18b-glycyrrhetinic acid ð40 mM; Sigma Chemicals) was dissolved directly in the bath solution. The solutions containing these drugs were gravity fed into the tissue chamber from reservoirs. A square-wave current of either 250 or 500 ms duration [ Fig. 2(A,a) ] is injected into a single node at the surface S 1 of the syncytium and the resulting potential throughout the syncytium calculated. The resulting membrane potential, V m ðS 1 Þ; across the injected node is shown in [Fig. 2(A,b) ]; it reaches a steady state of B6:27 mV indicating an input resistance of B22:8 MO: At node ð0; 0; 9Þ; on S 2 directly opposite the injection site, the potential reached a maximum of only about 0.15 or 0:17 mV [ Fig. 2(A,c) ], compared to over 6 mV at the injected node.
If, however, the current of Fig. 2 (B,a) is simultaneously injected into all the nodes at S 1 ; then the potential in a node at S 1 is much greater than the previous case [cf. Fig. 2 (B,b) with Fig. 2(A,b) ] and the potential at S 2 ; V m ðS 2 Þ; is now over half of that at S 1 [cf. Fig. 2 (B,c) with Fig. 2(B,b) ]. These differences arise as a consequence of current flow in the single intracellular injection case occurring in three dimensions whereas that in the multi-injection case occurs only in one dimension, namely the z-direction.
Potential Following Quantal Current
Injection into Nodes on a Surface of the Syncytium
The calculations of the previous section are now repeated using current injection (and contiguous removal) that mimics quantal release of transmitter, the input current being given by eqn (1) where I int ðtÞ is given by eqn (2) and has the shape shown in Fig. 3(A,a) . Simulation of the SEJPs observed in smooth muscle cells could be obtained by injecting this current into a single node at S 1 : The resulting transient in the transmembrane potential at this node is shown in Fig. 3(A, b) ; it has a peak of 3:5 mV; a time to peak of 6:6 ms and a decay time constant of 54 ms: As expected from the results of Fig. 2(A) , this simulation of the SEJP at S 1 did not give rise to a membrane potential at S 2 that would be of sufficient amplitude to be recorded with an intracellular electrode located there, since for ½V m ðS 1 Þ peak ¼ 3:5 mV [ Fig. 3(A,b) ], ½V m ðS 2 Þ peak was only B0:03 mV [ Fig. 3(A,c) ].
In order to examine the effects of stimulating the sympathetic nerves, such that all the smooth muscle cells at the AS receive a quantum of ATP, currents with the same characteristics as those used above to simulate the spontaneous potentials were injected into all the nodes at S 1 [ Fig. 3(B,a) ]. The resulting potential transient at S 1 [ Fig. 3(B,b) ] had an amplitude of 15 mV; a rise time of 38 ms and a decay time of 210 ms: As expected from the results of Fig. 2(B) , these simulations of the evoked potentials at S 1 gave rise to a substantial, although slow rising, potential change at S 2 : This was of amplitude 7:5 mV with a rise time of 134 ms and a time constant of decay of 260 ms [ Fig. 3(B,c) ].
The transmembrane quantal potential fields (V m ) have also been calculated for the nodes of this bounded syncytium following different densities of quantal current injections at S 1 : The development and decay of V m throughout the syncytium from S 1 to S 2 ; when these are separated by ten nodes, were determined at different times after the current injections, as shown for the case in which all the nodes at S 1 receive a current injection [ Fig. 4(A) ]: the contour lines for V m on this graph show the way that V m propagates from S 1 to S 2 : Following a decrease in the number of nodes injected at S 1 there is a decrease in the extent to which the field penetrates through the syncytium. Figures 4(B) -(D) show the extent of this decrease as the density of quantal current injection declines from 25% (B), to 11% (C), to 6% (D). In the case of the last two densities, the potential field at S 2 reaches a maximum of less than 1 mV:
Injection at a Proportion of Nodes on a Surface of the Syncytium The next step was to determine the relative changes in amplitude of V m ðS 1 Þ and V m ðS 2 Þ for R. HENERY ET AL.
different patterns of quantal current injection at S 1 : When all nodes at S 1 are injected, the peak V m ðS 1 Þ is 15 mV and the corresponding peak V m ðS 2 Þ is about half this, with the peak at S 2 occurring B100 ms after that at S 1 [ Fig. 5(A) ]. If the fraction of the nodes at S 1 that receive a quantal current input is decreased to 25%, then V m ðS 1 Þ decreases to 5 mV and the ratio of peak amplitudes of V m at S 2 and S 1 ; ½V m ðS 2 Þ peak = ½V m ðS 1 Þ peak declines to B0:3 [ Fig. 5(B) ]. Further decreases in the density of nodes that receive a current injection lead to further decreases in V m ðS 2 Þ that are proportionally greater than the decreases of V m ðS 1 Þ [ Fig. 5(C) ]. There is thus a Fig. 2 . Theoretical calculation of the membrane potential changes that occur upon injection of a square wave of current into a single node at S 1 (A) or into all the nodes at S 1 (B). The time course of the current injection is shown in (a) and the resulting membrane potential change (V m ) in the injected node is shown in (b). (c) Shows V m at the node at S 2 located directly opposite the injected node (that is with the same ðx; yÞ coordinates [see Fig. 1(B) ]. In each panel two cases are shown: injection for 250 ms and injection for 500 ms: POTENTIAL FIELDS IN SMOOTH MUSCLE nonlinear relation between the changes in V m at S 1 and those at S 2 ; following a decrease in the density of quantal release at S 1 ; as shown in Fig. 5(E) where ½V m ðS 2 Þ peak =½V m ðS 1 Þ peak is plotted as a function of the percentage of S 1 cells injected. The general shape of this curve can be explained as follows: for sparse injection at S 1 ; the peak response at S 2 will be roughly proportional to the number of injected S 1 cells, but the peak response at S 1 will be mostly determined by the voltage of any given injected S 1 cell and will not be very sensitive to the number of other S 1 cells being injected, thus giving the initial linear behaviour of the ½V m ðS 2 Þ peak =½V m ðS 1 Þ peak curve in Fig. 5(E) . However, when the density of injected S 1 cells becomes high enough the Fig. 3 . Theoretical determination of the changes in V m for a node at S 1 (b) and S 2 (c) following injection of a quantal current (a) into only a single node at S 1 (column A) or following the simultaneous injection of current into each node at S 1 (column B). The injected current is given by eqn (2). The nodes at S 1 and S 2 were aligned so that they possessed the same ðx; yÞ coordinates.
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potential ''domains'' of different injected cells will start to overlap but the peak response at S 2 becomes less sensitive to the number of injected cells and the curve starts to plateau. The very small values of V m ðS 2 Þ that occur when there is a low density of inputs at S 1 can be compensated to some extent by having some input to nodes deeper in the syncytium. Figure 5(D) shows the results when 25% of the nodes at S 1 together with 6% of the nodes at a depth of three nodes from S 1 receive a quantal input; in this case, there is an approximate doubling of the amplitude of V m ðS 2 Þ: 
. Effect of Different Degrees of Uncoupling of the Electrical Connections in the Syncytium
The final theoretical consideration involved uncoupling the electrical connections between the nodes in the syncytium and examining the effects on V m of quantal current injection into several nodes at S 1 : If the coupling resistance R gap is increased from 14 to 220 MO then the input resistance increases from 10 to 70 MO as shown in Fig. 6(A) . Figure 6 10 mV from an initial amplitude of 12 mV and a decrease of V m ðS 2 Þ of 7 mV from an initial amplitude of 10 mV: The increase in V m ðS 1 Þ occurs because as the coupling resistances increase the current generated, there is forced across the nodes which receive the quantal input, and a corollary of this is that the current does not reach S 2 so V m ðS 2 Þ decreases. A number of experiments were carried out to give a quantitative evaluation of the theory. First, an intracellular electrode was placed in a smooth muscle cell at the IS of the rat tail artery and positioned in such a way as to be in line with the ðx; yÞ coordinate of an intracellular electrode placed in a muscle cell at the AS, or at least as close to this as is possible [ Fig. 1(B) ]. Injection of a square wave of current through the electrode at the AS, so as to give a hyperpolarizing potential of about 40 mV at the injection site [ Fig. 7(A,a) ], did not give a detectable change in V m at the IS electrode [ Fig. 7(A,b) ]. The characteristics of the potential transient were similar to the theoretical one, with a time of 3 ms to reach 80% of its peak value [cf. Fig. 7(A,a) with Fig. 2(A,b) ]. In all 12 experiments of this kind, there were no signs of electrotonic conduction of the potential generated at the AS to the IS, as expected from the theoretical considerations [cf. Fig. 7(A) with Fig. 2(A) ].
SEJPs due to the release of a quantum of ATP onto a smooth muscle cell at the AS were also recorded that ranged from 0.5 to 8 mV and possessed temporal characteristics with rise times between 3 and 80 ms (modal value, 9 ms) and time constants of decay between 18 and 100 ms (modal value, 40 ms) [ Fig. 7(B) ; see also Cheung, 1982; Å strand et al., 1988) . These may be compared with the theoretical values in the simulation, given above, of 3:5 mV; 6.6 and 54 ms for the amplitude, time to peak and time constant of decay, respectively [ Fig. 3(A,b) ]. Simultaneous recordings were made of SEJPs from smooth muscle cells at the AS and the IS, aligned as shown in Fig. 1(B) . At no time was there any sign in the IS recording of potential changes synchronous with those in the SEJPs recorded at the AS [cf. Fig. 7 (B), upper trace with Fig. 7(B) , lower trace]. This was the case in all eight such simultaneous recordings, supporting the theoretical considerations.
Effect of Quantal ATP Release onto the Majority of Cells at the Adventitial Surface
The theoretical work indicates that if most smooth muscle cells at the AS receive a quantum of transmitter during evoked transmitter release, then current should penetrate through to the IS. This should happen to the extent that a potential change of about 15 mV at the AS gives rise to a potential change at the IS of about 7 mV; that is 47% of that at the AS [ Fig. 3(B) and Fig. 5(E) ]. In order to test this prediction, simultaneous recordings were made of the excitatory junction potentials (EJPs) at the AS (the AEJP) and the IS (the IEJP). The characteristics of the AEJP on supermaximal stimulation of the sympathetic nerves were: amplitude between 12 and 17 mV (modal value, 15 mV), rise time between 22 and 53 ms (modal value, 35 ms) and a time constant of decay between 150 and 480 ms (modal value 220 ms) ( Fig. 8 ; see also Cheung, 1982) . These may be compared with the theoretical values obtained above of 15 mV; 38 and 210 ms; respectively. The characteristics of the IEJP under these conditions of stimulation were: amplitude between 5 and 9 mV (modal value 7 mV), rise time between 55 and 160 ms (modal value 110 ms) and an exponential decay time between 220 and 700 ms (modal value 288 ms). These may be compared with the theoretical values obtained above of 7:5 mV; 134 and 260 ms; respectively. Thus, the discrete bidomain model of the syncytium gives a good quantitative prediction of the temporal changes in the EJP as it propagates through the syncytium.
Effect of Quantal ATP Release onto a Decreasing Proportion of Cells at the Adventitial Surface
Stimulating the sympathetic nerves so that the AEJP has an amplitude of about 15 mV gave rise to an IEJP that had an amplitude of about 45% of that at the AS [ Fig. 8(A,a) ]. Decreasing the extent of quantal release so that the AEJP was about 10 mV decreased the IEJP by a greater proportion than before, so that it was now only 34% of the AEJP [ Fig. 8(A,b) ]. Drastic reduction in the size of the AEJP, to about 1 mV; gave a barely detectable IEJP [ Fig. 8  (A,c) ]. These observations confirm the theoretical prediction of a nonlinear relation between the decline in the IEJP and the decrease in the density of cells receiving a quantal release at the AS [see Fig. 5(E) , shown also as an inset in Fig. 8(A) ]. Confirmation that the IEJP does have its origins in the release of ATP, presumably generating the AEJP, was obtained by blocking the AEJP with the purinergic antagonist suramin ð100 mMÞ: This reduced the size of the AEJP to nearly zero 1 h after application [ Fig. 8(B,a) ]. In several separate intracellular recordings from the IS, the IEJP was shown to decline to zero over the same time course as the AEJP after exposure to suramin [ Fig. 8(B,b) ].
Effect of Different Degrees of Uncoupling of the Gap Junctions Between Cells in the Media
The bidomain syncytial theory for the media indicates that increasing the coupling resistance between the cells (R gap ) should increase the size of the AEJP. This occurs as a consequence of the current injected into the cells at the AS, by the action of quanta there, no longer being able to easily escape into the depths of the media [the zdirection, see Fig. 1(C) ]; a corollary of this is, of course, that the IEJP should decline to zero as the coupling resistance increases indefinitely. In order to test this, the artery was exposed to the gap junction decoupler 18b-glycyrrhetinic acid ð40 mMÞ and the changes in input resistance of cells monitored together with that of the AEJP or the IEJP in separate experiments. Introduction of 18b-glycyrrhetinic acid led, after 4-20 min; to a gradual increase in the input resistance of cells, with the resistance at the IS increasing more slowly that at the AS (Fig. 9) . In the example shown, this is from 16 to 60 MO over a period of 20-60 min (Fig. 9) , as expected if a gradual increase occurs in the coupling resistances (see Fig. 6 ). This increase in input resistance was accompanied by about a 3 mV increase in the AEJP from an initial value of 12 mV [ Fig. 9(A) ], whereas the IEJP declined by 5 mV from an initial value of 7 mV [ Fig. 9(B) ]. The theoretical results show that as the coupling resistance increases from 45-180 MO; the input resistance increases from 20 to 60 MO (Fig. 6) ; a 6 mV increase in the AEJP is then predicted from an initial size of 14 mV [ Fig. 6(A) ] and a 7 mV decrease in the IEJP from an initial value of 10 mV [ Fig. 6(B) ]. These values for the change in the IEJP are similar to those observed, although in all six experiments of this kind carried out, the extent of the increase in the AEJP was consistently less than that predicted. The present work elucidates the problem of how current flows in a syncytium bounded on two surfaces by a volume conductor. Various descriptions of how current flows in a smooth muscle syncytium during current injection with electrodes or due to quantal transmitter release have been proffered (Bennett, 1972; Purves, 1976; Bennett et al., 1993 Bennett et al., , 2001 Henery et al., 1997) . However, none of these treat the problem of how current flows in a syncytium that is surrounded on two surfaces by a volume conductor. In the present work, it is shown that current injection into a node located at one surface of the syncytium will only penetrate a few nodes into the syncytium, so that the occasional release of a quantum of transmitter from a varicosity will only be expected to give rise to a current flow that affects smooth muscle cells in its immediate vicinity. This was confirmed experimentally by multi-electrode recording of potential changes in muscle cells at the AS and IS of a blood vessel during current injection at the AS electrode as well as during the spontaneous release of transmitter quanta onto the cell impaled by the AS electrode. On no occasion was there any sign of electrical conduction from the AS to the IS with the best alignment possible of electrodes at the AS and IS in the ðx; yÞ coordinates of the vessel.
COMPARISON BETWEEN THEORY AND EXPERIMENT FOR CURRENT INJECTION AT MULTIPLE SITES IN THE SYNCYTIUM
Current injection into all the nodes located at one surface of the syncytium, sufficient to produce a depolarization of 15 mV there, gave a potential field at the other surface of the syncytium of 7:5 mV if this is located ten nodes away. When supramaximal stimulation of the sympathetic nerves to the artery gave an average AEJP of 15 mV; the IEJP recorded was an average 7 mV; in good agreement with the theory. This also showed that as the number of nodes injected with current at one surface of the syncytium decreases there is a greater than proportional decrease in the depolarization at the other surface of the syncytium compared with that at the injected surface. The same greater than proportional decrease in the IEJP was observed with a decrease in the AEJP as the number of varicosities stimulated decreased. The final test of the discrete bidomain model of smooth muscle involved an analysis of the effects of uncoupling the electrical connections between the nodes, which led to an increase in input resistance of the nodes and a concomitant increase in the potential generated at S 1 due to current injection into all the nodes there and a decrease in the potential at S 2 due to the current injected at S 1 : Similar results were observed experimentally. The discrete bidomain syncytium provides a model of potential fields in smooth muscle during synaptic transmission. ATP is a transmitter at the varicosities on many blood vessels (Sneddon & Burnstock, 1984; Neild & Kotecha, 1986; Papanicolaou & Medgett, 1986; Abe et al., 1987) , where it is released onto P 2x ionotropic receptor patches beneath varicosities (Hansen et al., 1999) . It is possible, but unlikely, that ATP released at the AS can diffuse sufficiently far to affect smooth muscle cells at the IS. Noradrenaline is detectable at the IS of the rat tail artery after highfrequency stimulation if neuronal uptake of catecholamines is first blocked with cocaine (Bao et al., 1993) . Under these conditions, the concentration of noradrenaline at the IS is about 20% of that at the AS. It seems unlikely then that appreciable concentrations of noradrenaline will be reached at the IS under normal conditions of an intact uptake mechanism and low-frequency stimulation. The case for ATP reaching effective concentrations at the IS of reasonably large vessels like the rat tail artery is even more tenuous than that for noradrenaline. The media is about ten smooth muscle cells thick, providing the opportunity for ectoenzymes to metabolize the ATP as it diffuses in the extracellular space of smooth muscles (Westfall et al., 1997) . Furthermore, in order for the P 2x class of purinoceptors to be activated they must bind two ATP molecules, a condition that is difficult to fulfil given the low concentration of ATP that would result from a long diffusion pathway .
It might be argued that it is obvious that the IEJP must be due to the electrotonic conduction of the AEJP, since the media of medium-sized vessels is only about 100 mm thick and the longitudinal length constant of smooth muscle is of the order of 0:5 mm (Bennett, 1972) . If it is assumed that the cells composing the media are arranged in a purely circumferential manner, then this would indicate that a substantial electrotonic conduction should occur POTENTIAL FIELDS IN SMOOTH MUSCLE in a direction transverse to the muscle cells, and hence through the media from the AS to the IS. The present model gives length constants defined by
and give values of about 800 mm in the ydirection (that is, parallel to the muscle cells) and about 65 mm in the x-and z-directions (that is, transverse to the muscle cells), see eqn (3). This indicates that the smooth muscle cells must be packed in an helical fashion, leading to a length constant along the artery somewhere between the extremes of 65 and 800 mm: Thus, the length constant of B0:5 mm is not directly applicable to the estimation of the extent of electrotonic conduction in the transverse direction through the media. A helical arrangement of cells has not been incorporated into the present model as the emphasis is on conduction from the AS to the IS and this would be little affected by a change from a circumferential to a helical configuration. In the present work, both experimental and theoretical investigations were made into the extent to which fields, generated by different numbers of muscle cells receiving a quantum of ATP from varicosities at the AS, penetrate as far as the IS and depolarize the smooth muscle cells located there. It was shown that the potential field will reach the IS and produce a depolarization there of about 7:5 mV if all the muscle cells at the AS receive a quantum of ATP. If only 10% of the cells receive a quantum then the peak depolarization at the IS is only about 0:7 mV: Thus, even though the probability of quantal secretion from a varicosity is small (Å strand et al., 1988; Å strand & Stjarne, 1989) , if there is simultaneous stimulation of all the varicosities then a detectable depolarization of the IS might be anticipated. However, it is very unlikely that such synchronous stimulation of all the sympathetic nerves occurs in vivo. Of course, both the facilitated increase in size of EJPs, as well as the initiation of action potentials at the AS, will greatly increase the extent of depolarization at the IS. The present theory can be used to make estimates of the extent to which facilitated EJPs will reach the IS [see Fig. 5 (E)], although it will need to be extended in order to apply to action potential conduction in the media from the AS to the IS.
However, the approximation of eqn (A.1) becomes increasingly inaccurate as f increases; in particular, the effective resistivity should become infinite at f ¼ p=4; corresponding to close packing. Keller (1963) considered the case of a dense array of non-conducting cylinders and derived the asymptotic expression
; ðp=4 À f Þ51: ðA:4Þ Keller & Sachs (1964) performed numerical calculations for a complete range of f and gave improvements to the approximation of eqn (A.4). They also pointed out that the expression
ðA:5Þ
where r ¼ 2ð f =pÞ 1=2 ; is a good approximation over the entire range of f : This is illustrated in Fig. A1 , where the accurate numerical values are compared with the various approximations given above. It is seen that the basic approximation, Q 1 ð f Þ; is actually quite good for values of f up to about 0.6, but by f ¼ 0:7 it is 25% too low and for larger f it quickly becomes highly inaccurate.
It is of interest to note that the above problem is mathematically equivalent to that of steadystate diffusion through heterogeneous media and there are a number of investigations for the case where the obstructions are cylinders (Bell & Crank, 1973; Crank, 1975; Trinh et al., 2000) . 
